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. ABSTRACT

Motion sickness is maladaptation to a dynamic environment., The major symptoms
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The Symptomatology of Motlon blckness

Jack E. STEELE

6570th Aerospace Medical Laboratories
. Wright-Patterson Air Force Base

SUMMARY

Motion aickness is maladaptation to a dynamic envire. anesnt, The major symptoms sre caused
by insdeguate and inappropiste vascular and circulatory responses, resulting mainly from inadequate
perception (integration and anclysis of the periinent sensory data) of the dynansic environment and .

consequent misestimatior. of the nature and degroe of the threat involved.

INTRODUCTION

Motion sickness is essentially maladaptation
to a novel inertial environment. The symploms
do not develop inevitably in the presence of
motion, nor is motion inevitably present when the
symptoms do develop (refs. 1 to 4). Motion.
sickness symptoms occur only when therc is a
malfunction of the victim's crientation-perceiving
mechanisms and his motion- and acceleration-
compensating mechanisms, This is a complex
system involving many eubsystems. There are
various ways in which it can fail or decompensate,
depending on the specific nature of the load
placed upon it and the individual variations in
ability to handle the load.

The orlenting system integrates and utilizes
information from many eense organs, most
notably the vestibular, the visual, and the tactile-
proprivceptive-kinesthetic, There is much mu-
tual interplay among these subsystems. The
main systems utilizing the resulting integrated
data are the visual, the musculockeletal, and the
cerdiovascular. The system cortributes to
arousal as an important source of early warning
of impending threat (danger of falling, being
atruck, etc.). It ie also monitored for relinbility.
Both orientation information and an estimate of
its reliability are available consciously. Either
can warn of impending danger. The term “dia-

origntation” refers to the condition in which
perceived orientation is incorrect. The term
“vertigo” (originally meaning 2 faise sense of
rotation) now is used commonly to refer to
conscious awareness of a failing or inadequate
perception of motion and accelerative forces.
Conscious fear is relatively unimportant in
motion sickness. Unconscious estimate of the
threat is most significant. Adaptation te motion
consists mainly of learning te perceive it correctly
and to make proper adjustment of antigravity
compensatery reflexes, ete,, and learning to
evaluate the threat properly so that inappro-
priate defensive preparatory steps are not
taken,

Symptoms arise as the result of failure to make
adequate compensatory adjustments, as the re-
sult of inappropriate or incorrect adjustments
and preparations, and as a result of the additional
information-processing load imposed by incorrect
perceptual data processing and the effort to cor-
rect it. Similar symptoms can be producud by
bringing about these same conditions in various
ways, other than by subjecting the victim to the
motions typically associated with moticn sickness.

The novelty of the environment need noi be 20
great as we might oxpect. Even retum to that
moat familier conditi~n, 1 g vertical and zero
angular acceleration « d total zero velocity, can
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preduce symptoms in one who has heen thoroughly
adapted to some other, such as ¢ ship, a rotating
room, or even that environment produced:by the
disassociation of the normal relationship between
the visual end the vestibular sensory inputs in-
duced by wearing inverting or reversing spec-
tacles (refs. 1 to 6). ‘Such a condition could be
called “still sickness” if we persist in atiempting
to name the discase by the characteristics of the
environment that are contributory to its
production.

Concepts of diseases lead hives of their own,
They evolve. As we learn more about them,

originally different diseases may come to be con-

sidered as but different manifestations of the
same underlying disease process, or a disease
may fragment into many as we learn to differ-
entiate between busically diffsrent entities that
had but superficial resemblance. As an illus.
tration, I offer a disease from antiquity, the “boat
disease.” This is not a disease of boats but cne
caused by riding in boats, In accordance with
medical tradition, it was named after the old
Gieek word for boat, “naus,” hence nausea.
Thm disease grew'to include similar conditions
aven when they were not caused by riding in
boats. Ultimately it lost its status as a disease
and reverted to being merely a symptom found as
part of mdny syndromes.

We went ;hrough the cycle again with seasick-
ness which became travel sickness, which then
fragmented into mountain sickness, trainsick-
nes¢, carsickness, airsickness, etc, With the
advont of leboratory intevest in the condition, we
acquired rotating chair sickness, Coriolis sick-
neas, clevator sickness, swing sickness, and even
Cinemascope sickness, 2-FH-2 Hoover simulator
sickness, and still sickness. Motion sickness
provides a pertinent and insightful name for the
syndrome ocecurring under all of these circum.
stances. Even though motion is neither a neces-
sary nor sufficient cause (and in the case of
2-FH-2 hover simulator sick ieas ctn, when
properly applied, actually redues symptom forma-
tion,. preceding paper by Fred E. Guedry, Jr.,
“Confiicting Sensory Orientation Cues as &
Feactor i Motion Sickness™), motion doss indicate
the goneral area in which the victims are mal-
adapted, whethery with regard to their perception

of the actual accelzration snd motion environ
ment or in the inadequacy of<their compensatory
physiological adjustments. *“Maladaptation to
inertial environment” more accurately (thcugh
awkwardly) designates the condition whose mani-
festations I am 1o discuss. For whether the
subject is moving or not, whether hie znvirons
are moving or not, the inadequacy of his adapta.
tion to the dynamic aspects of his environment
is the one clament that distinguishes the sick
subject from the unsfeoted.

When examined cloaely, the borders separating
one discase from another, one body malfunction
from another, are not sharp. The blackout and
unconsciousness the’. can result from high ec-
celeration in the foot-to-head direction might not
seem closely related to the usugl symptoms of
motion sickiess. Yet the same symptoms would
be felt every time we arose from a supine to an
erect posture were it not for the cardiovascular
compensatory adjustments that occur. Lesser
derangements of these same adjustments can
accoun: for symptoms in many cases of motion
sickness. The body is a complex system com-
prising many interrelated subsystems. Its
malfunctions ere better understeod from this
point of view than from attempts to sharply de-
marcate disease entities or to overemphasize the

role of any one of the subsystems involved.
1

SYSTEMS INVOLVED IN MOTION
SICKNESS

In motion sickness, the perceptual-sensory sys-
tem dealing with inertia and motion, that part of
the central nervous system that is alerted by and
prapares for response against external threats,
the cardiovascular system, and the neuromus-
cular system ere involved. I offer a partial trac-
ing of the vestibular signals as a rationale for
dealing with a hypothetica! central processor for
dynamic inertial information rather than with
detailed neural structures involved, The ves-
tibular ganglia communicate with 14 specific
neural structures having shout 2 dozen mutual
interconnections. These, in turn, communicaia
through approximately 120 identified channels to
the next level consisting of 44 centers {ref. 7).
Thus, going no farther than three steps from the
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sense organ, and without even considering the
visual, auditory, propricceptive, and other inputs,
the system becomes quite unwicldy,

Sense organs measure certain qualities of their
environment and send signals o the central nerv-
ous system, To understand the subsequent
chain of events, we must distinguish between the
transmission of excitation and the transmission
of messages. The distinction is particularly im-
portant in discussions of the vestibular system in
whick orresponding semicircular canals send the
sarie message by shifting the intensity of their
signals (repetition rate of their pulse cutputs) in
opposite directions, This is important in under-
standing how the reduced sensitivity found in
Méniére’s syndrome can lead to sensations of
rotation, dizziness, and nausea. A reduced
pulse output rate conveys the message of rota-
tion as surely as does an increased output rate.
A man who has recently losi all vestibular input
on one side as a result of surgery is receiving
from that side zero input pulses (i.e., zero excita-
tion), hut a message signifying vary strong angular
and linear acceleration. Analysis of the produc-
tion of symptoms in motion sickness is analysis
of changes occurring in the bedy as the result of
all incoming messages concerning orientation,
acceleration, and motion (or failing to occur in
appropriate response to this information).

Sensory organs function normally in motion
sickness. At least there is no evidence that
they are not functioning normally, and indeed
it is extremely difficult if not impossible to elicit
motion-sickness symptoms in subjects lacking
functional inertin-sensitive sense organs. The
central processor is usually not working correctly.
Perceptivn of acceleration and motion is usually
{though not necessarily always) incorrect. Symp-
toms arising directly from this malfunction are
minimal, consisting mainly of such illusions as
a tilting borizon, Failure of correct central
interpretation of acceleration and motion data
participates in the generation of major saymptoms
mainly through the inappropriate or inadequate
adjustmentis of the other subsystems that require
the information for their proser functioning and
through the elicitation of attempts to correct the
centra! percuptual processor,

The cardiovasculer system is a major partici-

pant in symptom generation, first through failure
to compcensate adequately for acceleration loads
placed directly on it, and, second, by its inability
to handle the demands placed on it by the
circulatory requirements of muscles ineppro-
priately preparing for emergency action. The
neuromuscular system participates by ita in-
ordinate demands on the circulatory system and
manifests the inadequate central integration of
inertial data by ataxia, tenseness, and fatigue.
The central arousal system (reticular formation?)
participates by triggering several alarm re-
spoases, including muscle hyperemia and, more
appropriately, the reorganization of inertial
perception. Many of the symploms and other
observable conditions of motion sickness are
overdetermined. There are several caisal
chains leading to the same cffect. Some of the
changes observed are part of the problem, some
rart of the solution, and some are both. A change
compen 1ting for one disturbance may aggravate
another,

Inadequate cerebral circulation is an old theory
of motion sickness. It still has much to recom-
mend it. There can be no doubt that nausea
often accompanies decreasing blood pressure
and falling cardiac output from any cause.
Whether or not this nausea is secondary to em-
barrassed cerebral circutation is less certain,
Two itetis e of corebral significance in motion
sickness. One is the known increased metabolic
demands of the brain in arousal states (ref. 8),
and the other is the high correlation etween
susceptibility to motion sickness and unusual
lability of cerebral circulation (at least as reflected
by central ictinal artery changes) under con-
ditions of minor longitudinal g-changes on a
horizontal swing (vef. 9). There is some experi-
mental evidence that cerebral circulation, o. at
least the quantity of biood in the head, decreases
with vestibular stimalation (ref. 10). Decreazed
spontancity, increased depression, and headache
are mild indications of impaired cerebral function.

Compensation for longitudinal acceleiation is
about the simplest adjust.nent the vascular sys-
tem must make. Yet it is ¢/ considerable mag-
nitude. For even so simple a change as shifting
from the supine to the erect posture, the hydro-
static pressure difference introduced between

e o g

PSR P I G

> e S




92 THE POLE OF THE VESTIBULAR ORGANS IN SPACE EXPLORATIGH

head and foot ia greater than the pressure dif-
ference thai the heart maintains between its
input and its output. To remain adequate, this
adjustment requires practicz and training, Light-
headedness accompanies fivs: srising afier sev-
eral days in bed. Symptoins may be caused
simply by vascular compensatory insdequacy in
spite of adequate correction date suprlied by the
central integrater of inertial data. The after-
nausea following various types of motion sickness
experiments is aggravated by standing, relieved
by sitting or reclining,. One of the mildest in-
puts, from the peint of view of sensory stimula-
tion, is capable of producing naucea in a few
minutes. This is simple rotation in a vertical
pleme at a frequency of about 15 rpm while in the
seated position (ref. 11). 'Elevator experiments
have shown that g-changes at about this fre-
quency are most effective in nausea pre.uction,
though more time is required’(ref. 12). Some
have a!mhuted this frequancy sensitivity of the
naugeg-pmduplqg mechaniam to an undiscovered
rescnance in the sense organs. I feel that this
is a hxghly unlikely explanation, and far more
significant is the fact that this is approximately
the natural slosh frequency of the bleod in the vas-
cular system.  Near this frequency the blood un-
dergoes the greatest displacement, and the graat-
est compensatory shift in vessel tone is required.

In zero-g experiments, in which zero g alter-
nates with increa.od g, the periods of increased
& seam moat reaponsible for the symptoms. In
one sefies, subjects either became sick during the
preweightless acceleration or they did not be-
come sick at all (vef, 13). In another series in
which 51 percent of the subjects vomited at one
time or another, no one experienced nausea
while prone during the accelerations. Two
vomitzd in this position, but this occurred within
20 seconds of starting the maneuver and with no
»ausea (ref. 14). It appears that for production of
nausea under these circumstances, increased
loads on the caydiovascular system are of greatest
importance. I participated in twe such runs,
Allowed to lie down during increased g and to
float free during zero g, I experienced no synp-
toms. On' the lpter run, contined to a seat, I
becams nauseated and exparienced afternauncs
houre later while standing.

The cardiovascular changes vonsidered up o
this point could occur in the ghsence of any dis.
orientation or errors in data processing relevan:
to motion aud inertia. Errors n processing
inectial information can only make x1atters worsz,
Even in that excellent angular ove:iatimulation
situation, Coriolis stimulation, linuzr-2ccelera-
tion messages cannot be ignored. ingular ac-
celeration abeut any axis not paraliel ¢ ihe direc.
tion of linear acceleration implies a caange of
direction of linear g. Central-nervous-system
determination of direction ¢f linear g (veriical)
is a complex thing involving several separate in-
puts. In general, the short-term information ia
derived froms semicircular-canal inputs, and the
long-term information depends on integration of
inputs from the otolith and other organs, With
a time constant of only a few seconds for biood
displacement caused by linear g, compensation,
to be adequate, must utilize some of the implied
g-change irformation based on semicircular-
canal inputa. Experimental subjects report that
they experiznse changes in linear g They
describe this as being in a climbing or diving
spizal, Objective measurements on the same
subjects show ec ual and different physical re-
sponses, dependii:- ¢n whether a climb or a dive
is being experienced. Some subjacts showed
slowed and decpened resgiration during the

dive,” and breath holding during the

“climb."

Nouromuseular Factorn

To keep the cause-effect steps in proper
sequence, I should like to discuss the neuro-
rusculer changes before returning to more
serious cardiovascular preblems that occur
secondarily to ths muscle changes. The simpisst
neuromuscular effects are directly caused by
improper central-nervous-system integration and
interpretation of sensory messages dealing with
acceleration and motion. The problen: is made
more difficult by the need to predict the inertinl
environment in order that intended movements
and dynamic postursl reflexes may be progerly
compensated in time to achieve their objectives.
Correcting muecle tencion after an arm or leg
has been deflected by an improperly predictrd
force is not a eatisfactory solution. Wz are
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usually unaware of thess unconscious compensa-
tory contributions to our motions, though we may
experience them as a heaviness on first emerging
after some time in the water, or as a lightness
when first dropping a heavy load. Without the
correct sensing and utilization of acceleration
data, we experience ataxia and clumsiness. This
is somewhat inconvenient and petentially danger-
ous, but in most motion-sickness situations
greater harm is caused by the body’s reaction
to what is only potentially dangerous, The part
of th- alarm reaction that prepares the muscles
for anticipsted strong action in the face of this
implied environmental threat contributes greatly
to severe motion sickness.

Immediate reflex response to acceleration aud
motiont can contitbu'z to ienseness and sub-
sequent jatigue. Benson has found that the
gastrocnemins and soleus reflexes in man are
iancreased by angular acceleration (ref. 15).
There is no compensatory decrease in the
opposite leg, merely a leseer increase. This
increase in 16 subjects was from 73 percent to
136 percent, slways greater in the trailing leg
and lincarly reicted to the table velocity before
deceleration over a range from 20° to 110%sec.
The reaction required the presence of a function.
ing labyriath and w.s apparently mediated by
the gamma efferent sy stem, rather than directly
viz the alpha motonzurons, The monosysnaptic
reflaxes were unaltered. There is indirect evi-
dence for the involverunt of the extrapyramidal
system ir: motion cickness. Most antihistamine
drugs offective in motivn sickness are aiso
effective in Parkinsovam. and a sucprisingly
large number of druss primarily identified as
effective in Parkinzorusm have proven effective
in motion sickricss ‘vef. 16). The involvement
of the system for dynamic postural reflexes seems
evident in both cases.

The geeatest conttipution of the neuromuscular
system te the genurstion of motion-sicknese
symptoms is probab!y through the part of the
slarm reaction that prepares the muscles for
vigoious activity, Increare in blocd sugar ap-

pewes to be part of the solution rataer than a cause’

of » uptoms (ref. 17 and Fizlds, Meakins, and
Mackschern, cited in ef. 3, p. 1816). Reducing
bisod supar -y giving insulin increases the symp-

toms., Other indicationc of alarm response are
increased blood and urine levels of catechels-
mines and 17-hydroxycorticostecoids (ref. 18).
These changes also probably do no: contribute
t~ symptoms, but rather to their suppressicn.
Sympatholytic drugs increase the symptom for-
mation while sympathomimetic druges tend to
reduce symptoms {ref. 19). One phenothiazine
derivative that might have been expected to be
helpful turzed sut not to be, but it differed from
the effective drugs in being sympatholytic. The
moget significant preparatory move by far, how-
ever, is the diversion of circulating blood to the
muscles.

It has been shown that muscle volume in-
creases in subjects who are hecoming motion
sick (ref. 10). This volume shift in preparation
for exercise is quite sensitive to central ncural
control. Weber showed an increase in muscle
mass as a response to merely thinking shout
exercise (refs, 20 and 21). Apparently, actually
using the muscles tends 1o counteract some uf the
bad effects, Physical work and geing about
one's business tend to reduce the symptomas (ref.
17). Circulatory compensation for the mass of
blood diverted to muscles is difficuit. Skin
blanching can compensate for oniy part of it (ref.
10). Other organs, mainly the intra-abdominal
viscera, must also lose-some of their blood supply.

Lurdiovascular Factors

Haviig deacribed the manner in which muscle
preparation for vigorous action can place addi-
tional lo.ds on the cardiovascular system,
should like to exsmine the evidence that such a
load doss actually oceur and that failure to adjust
to it correlates highly with development of
symptoms.

The most severe motion-sickness symptoms
seem to be causud by a decrease in circulating
blood volume. In .notion-susceptible individ-
uals, pulse rate <screases, systolic pressure and
minute volumc decrease {refs. 10, 22, and 23).
The common features are indicative of a pre-
collspie state. This is indicated primarilv by
the aharp drop in systolic pressure and minute
volumes in spite of incressing peripheral resist.
ance of the arntzrial system. Tha bedy’s own esti
mate of inadequate circulation ie indieated by
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increased output of antidiuretic hormone (ref. 24),

Stimulation of the VIIIth nerve, whether ca-
lorie, galvanic, or by angular acceleration, causes
a fall in blood pressure (ref, 25). This fall in blood
pressure can be blocked by cutting the vagus.
Stimulation of the peripheral end of the cut vagus
produces a similar fall in blaod pressure. Lergi-
gan, a phenothiazine derivative, can block the
blood-pressure fall prodused in ecither of these
ways (ref. 19). It is an effective anti-motion-
sickness drug. On the cther hand, another
phenothinzine derivative, clilorpromazine, a
potent and specific antiemetic, is incffzctive in
motion sickness (ref. 26). This is probably be.
cause it lowers blood pressure and can, in large
doses. causc vascular syncope. Measures that
hei ~ombst circulatory collapze reduce motion-
sickne:> symptoms. These are tight abdominal
belts (vei. 27). anti-g-suits, intravenous dextran
solution, and =drenergic druge (ref. 19; and
Enduist, cited i ref, 19). Other conditions
that reduce cardiac cutput, such as cardiac
tamponade or sudden congestive hew:* failure,
tend to produce nausea.

Reduced cardicc output can prodice symptoms
in two ways: thos. secondary to attempts at com-
peasation for the condition and those resulting
from inadequate compensation. Blanching of
skin and abdominal viscera appear te be com.
pensatory. There is little evidence of increased
acid productioa in inotion sickness, but blanching
would reduce inucosal resistance to that acid
which is preseat. As high as 50 percent of
chrenic seasick subyects show anatomical changes
in the gastric muse == as a result of such irrita.
tion (ref, 28). Sweating, which commonly ac-
companies the blanching of the skin, could be
compensatory for the skin’s reduced effectiveness
as « cooling organ. Sweating could also be part
of the preparation for vigorous muscle action in
anticipation of increased heat production. Therc
are no repotts on the actual body temperature of
motion-sick subic 3ts, though their common desire
for cooler surrous “ngs would indicate the im.
pairmant of heat-loss mechanisms.

It is not known for certain how decreased car-
diac output and blood pressure produce nausea.
There are aeveral reasons to believe that it in-
volvea embamrassment of cerebral circulation

and metabolism. Decreased oxygen tensinn
seers responsible for the nausea of mountain
sickness. Theie is a higher incidence of motion
sickness in unpressurized aircraft flying at higher
altitudes. Vestibular stimulation has promptly
reduced the volume of blood in the brains of dogs
and monkeys (ref. 8). Measures that tend to
improve cerebral circulation can reduce symp-
toms without necessarily improving the general
jevel of cardiac output. Lowering the head, for
example, in a maneuver similar to that employed
for the prevention of vascular syncope, can re-
lieve the nausea (vef. 23). Nausea is less on
sitting than on standing, and still less on reclining.
Subjects with poor regulation of rerebral circu-
iation are more susceptible to motisn sicknuss
(ref. 9). Retching or vuiniting does, at lsast
momentarily, raise the intracranial blood pres.
sure. This is the only compensatory value ob.
servable for such a reflex, other than removing
irritants from the gastrointestinal trant, It is
notable that nausea accompanies cerebral circu-
latory embarrassment produced by various other
causes.

CONCLUSION

The human body is & very complex system.
In attempting to understand some malfunction
we should not delve so deeply into one sub-
system that we lose sight of the others. Previ-
ously, seeking the cause of motion sickness,
I have danigrated the role of the sensory systems
and smphasized that of the perceptual or central
integvative system, but of courss without sensory
input there is nothing to perceive or integrate
(rel. 29). In preparing the present paper on
symptomatoiogy, I was impressed by the role of
the exirapyramidal and vascular systems. Both
Parkinsonism and increased suscep:ilility to
motion sickness have been reportod &x after-
effecta of viral encephalitis. A large number of
the same drugs are useful in both conditions.
Dynamic postural reflexes are increased under
conditions of scceleration. Muscle volume also
increaaes.

The major symptoms seem to be caused by
rardiovascular inadequacy, vecondary to diver-
sion of circulating blood '0 the muscles in
responss to a threatened nced for vigorous
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musculer action on the basis of inadequately
perceived inertial and dynamic environment,
The problem is aggravated in people with poor
cerebral circulatory contrel. Vagotonic subjects
are more susceptible, Cholinergic drugs aggra-
vate and anticholinergic drugs ameliorate the
symptoms, Two of the moat effective anti-
motion-sickness drugs, scopolamine and amphet-
amine, have little 2lse in common except perhaps
their usefulhess in Packinscnism. One blocks

the vagus-mediated fall in bleod pressure and
cardiac output. The other increases blocd
pressure and cardiac output. Thesz effects are
additive against motion sickness.

A dizease that began in the stomach has moved
through the ears, the brain, the musculature, the
visual, the circulatory, the endocrine, the thermo-
regulatory, the urinary, and back to the upper
intestine (increased serotonin content). What
have we overlooked?
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